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R229in AMPK-deficient cells. Clearly,
activation of Ulk1 by amino-acid
starvation proceeds by a different
mechanism than activation of Ulkl by
energy depletion [4].
The studies by Egan et al. [3] and by
Kim et al. [4] clearly indicate that AMPK
can directly phosphorylate Ulk1 and in
this way provides a mechanism for the
activation of autophagy when cellular
energy production becomes
compromised. Surprisingly, the two
studies [3,4] are not in agreement with
regard to the position of the AMPK
phosphorylation sites in Ulk1. One can
only guess for the reasons underlying
these differences. A possible
explanation is that accumulation of
mitochondria [3] reflects a specific form
of autophagy, mitophagy, rather than
non-specific bulk autophagy, as
measured by LC3-II accumulation [4],
and that regulation of these two modes
of autophagy requires different
phosphorylation sites on Ulk1 [18].
Phosphorylation of Ulk1 by AMPK
occurs in combination with the
activation of autophagy via inhibition of
mTOR activity through
phosphorylation of TSC2 and Raptor
(Figure 1). The fact that AMPK acts at
multiple levels to stimulate flux through
the autophagic pathway resembles the
mechanism by which another protein
kinase, cAMP-dependent protein
kinase (PKA), affects the flux through
metabolic pathways, e.g. its
coordinated inhibition of hepatic
glycolysis through simultaneous
phosphorylation of
phosphofructokinase-2 and of
pyruvate kinase [19]. This inhibition
of glycolysis, combined with the
stimulatory effect of PKA on hepatic
glycogen breakdown and on
autophagy to provide amino acids as
gluconeogenic substrates, ensures the
maximal output of glucose in response
to a rise in glucagon levels during
starvation in mammals. mTOR-
mediated signaling is inhibited by
glucagon [1] and this may be sufficient
for the induction of autophagy.
However, it is likely that, in analogy
with AMPK, Ulk1 is also a substrate for
PKA in mammalian cells. In yeast cells,
Atg1 is, indeed, a PKA substrate,
although in this case this leads to
inhibition rather than stimulation of
autophagy [20]. In conclusion, the data
of Egan et al. [3] and of Kim et al. [4] on
AMPK-mediated phosphorylation of
Ulk1 provide a fascinating mechanism
responsible for the initiation ofautophagy when cellular ATP
production falls. This work also nicely
extends early studies on the
involvement of AMPK in the control of
autophagy [12,13].
References
1. Meijer, A.J., and Codogno, P. (2009).
Autophagy: regulation and role in disease. Crit.
Rev. Clin. Lab Sci. 46, 210–240.
2. Chen, Y., and Klionsky, D.J. (2011). The
regulation of autophagy - unanswered
questions. J. Cell Sci. 124, 161–170.
3. Egan, D.F., Shackelford, D.B., Mihaylova, M.M.,
Gelino, S., Kohnz, R.A., Mair, W., Vasquez, D.S.,
Joshi, A., Gwinn, D.M., Taylor, R., et al. (2011).
Phosphorylation of ULK1 (hATG1) by
AMP-activated protein kinase connects
energy sensing to mitophagy. Science 331,
456–461.
4. Kim, J., Kundu, M., Viollet, B., and Guan, K.L.
(2011). AMPK and mTOR regulate autophagy
through direct phosphorylation of Ulk1. Nat.
Cell Biol. 13, 132–141.
5. Ganley, I.G., Lam, D.H., Wang, J., Ding, X.,
Chen, S., and Jiang, X. (2009).
ULK1.ATG13.FIP200 complex mediates mTOR
signaling and is essential for autophagy. J. Biol.
Chem. 284, 12297–12305.
6. Hosokawa, N., Hara, T., Kaizuka, T., Kishi, C.,
Takamura, A., Miura, Y., Iemura, S.,
Natsume, T., Takehana, K., Yamada, N., et al.
(2009). Nutrient-dependent mTORC1
association with the ULK1-Atg13-FIP200
complex required for autophagy. Mol. Biol. Cell
20, 1981–1991.
7. Jung, C.H., Jun, C.B., Ro, S.H., Kim, Y.M.,
Otto, N.M., Cao, J., Kundu, M., and Kim, D.H.
(2009). ULK-Atg13-FIP200 complexes mediate
mTOR signaling to the autophagy machinery.
Mol. Biol. Cell 20, 1992–2003.
8. Sancak, Y., Peterson, T.R., Shaul, Y.D.,
Lindquist, R.A., Thoreen, C.C., Bar-Peled, L.,
and Sabatini, D.M. (2008). The Rag GTPases
bind raptor and mediate amino acid signaling
to mTORC1. Science 320, 1496–1501.
9. Kim, E., Goraksha-Hicks, P., Li, L.,
Neufeld, T.P., and Guan, K.L. (2008). Regulation
of TORC1 by Rag GTPases in nutrient
response. Nat. Cell Biol. 10, 935–945.
10. Dennis, M.D., Baum, J.I., Kimball, S.R., and
Jefferson, L.S. (2011). Mechanisms involved in
the coordinate regulation of the mammalian
target of rapamycin complex 1 (mTORC1) by
insulin and amino acids. J. Biol. Chem. doi:
10.1074/jbc.M110.209171, epub ahead of print.
11. Hardie, D.G. (2007). AMP-activated/SNF1
protein kinases: conserved guardians ofcellular energy. Nat. Rev. Mol. Cell Biol. 8,
774–785.
12. Meley, D., Bauvy, C., Houben-Weerts, J.H.,
Dubbelhuis, P.F., Helmond, M.T., Codogno, P.,
and Meijer, A.J. (2006). AMP-activated protein
kinase and the regulation of autophagic
proteolysis. J. Biol. Chem. 281, 34870–34879.
13. Matsui, Y., Takagi, H., Qu, X., Abdellatif, M.,
Sakoda, H., Asano, T., Levine, B., and
Sadoshima, J. (2007). Distinct roles of
autophagy in the heart during ischemia and
reperfusion: roles of AMP-activated protein
kinase and Beclin 1 in mediating autophagy.
Circ. Res. 100, 914–922.
14. Meijer, A.J., and Dubbelhuis, P.F. (2004). Amino
acid signalling and the integration of
metabolism. Biochem. Biophys. Res. Commun.
313, 397–403.
15. Corradetti, M.N., Inoki, K., Bardeesy, N.,
DePinho, R.A., and Guan, K.L. (2004).
Regulation of the TSC pathway by LKB1:
evidence of a molecular link between tuberous
sclerosis complex and Peutz-Jeghers
syndrome. Genes Dev. 18, 1533–1538.
16. Gwinn, D.M., Shackelford, D.B., Egan, D.F.,
Mihaylova, M.M., Mery, A., Vasquez, D.S.,
Turk, B.E., and Shaw, R.J. (2008). AMPK
phosphorylation of raptor mediates a metabolic
checkpoint. Mol. Cell 30, 214–226.
17. Lee, J.W., Park, S., Takahashi, Y., and
Wang, H.G. (2010). The association of AMPK
with ULK1 regulates autophagy. PLoS One 5,
e15394.
18. Zhao, M., and Klionsky, D.J. (2011). AMPK-
dependent phosphorylation of ULK1 induces
autophagy. Cell Metab. 13, 119–120.
19. Rider, M.H., Bertrand, L., Vertommen, D.,
Michels, P.A., Rousseau, G.G., and Hue, L.
(2004). 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase: head-to-head with
a bifunctional enzyme that controls glycolysis.
Biochem. J. 381, 561–579.
20. Stephan, J.S., Yeh, Y.Y., Ramachandran, V.,
Deminoff, S.J., and Herman, P.K. (2009). The
Tor and PKA signaling pathways independently
target the Atg1/Atg13 protein kinase complex
to control autophagy. Proc. Natl. Acad. Sci.
USA 106, 17049–17054.
1Department of Medical Biochemistry,
Academic Medical Center, Amsterdam,
The Netherlands. 2INSERM U756, Universite´
Paris-Sud 11, Faculte´ de Pharmacie, 5 rue
Jean-Baptiste Cle´ment, 92296 Chaˆtenay-
Malabry, France.
*E-mail: a.j.meijer@amc.uva.nl
DOI: 10.1016/j.cub.2011.02.007Multisensory Integration: What You
See Is Where You Hear
Recent studies of multisensory integration compel a redefinition of
fundamental sensory processes, including, but not limited to, how visual inputs
influence the localization of sounds and suppression of their echoes.Micah M. Murray1,2,3,4
and Lucas Spierer2
Imagine yourself sleeping in your dark
bedroom with its lofty vaulted ceilings
and spartan decor. This bedroom is
clean and serene; at least, until thealarm clock jolts you awake. Keeping
your eyes firmly closed, you frantically
reach out to find the ‘snooze’ button
with the hope of a few more minutes
of torpor. A deconstruction of this
vignette into its component
neurobiological processes would
Figure 1. A schematic representation of how cortical interactions between sensory modalities
may unfold.
Note that in this schema no distinction is shown between anatomic connectivity and either the
latency at which or circumstances under which such connectivity is functionally employed [3].
(A) A schema where interactions are restricted to higher-order association cortices, such as
the prefrontal cortex and parietal cortex (indicated by superimposed discs). Green arrows
refer to auditory inputs, red to somatosensory inputs, and blue to visual inputs. Under this
schema interactions cannot occur directly between sensory cortices. (B) A schema, supported
by recent anatomical (for example [2,3]) and functional data (for example [6–12,20]), where
interactions occur directly between sensory cortices.
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localization of the sound-emitting
alarm clock as opposed to your mobile
telephone; however, because your
bedroom is a highly reverberant
environment, your brain needs to
perform these tasks despite the
occurrence of echoes. In fact, our
brains are highly adept at suppressing
such echoes to generate accurate
cerebral representations of the
auditory environment — both what
objects we are hearing and where they
are situated [1]. But, would you be able
to more reliably suppress these
echoes, and therefore more quickly
return to your slumber, if you turned
on the lights to see where your alarm
clock was?
Whether sound recognition and
localization are exclusively auditory
processes has been the subject of
substantial discussion [2–4]. This is
particularly the case as a new model of
the brain’s anatomical and functional
pathways for processing sensory
information is emerging [5–9], in which
interactions between signals from
different senses occur, not only during
the initial stages of stimulus
processing, but also within brain areas
traditionally considered to be
exclusively unisensory in their
functioning, including primary cortices
(Figure 1). What is more, early and
low-level multisensory neural effects
have been shown to directly impact
perception and behavior [10–12].Others have shown that our
understanding of nominally ‘auditory’
functions, like speech perception, must
now incorporate low-level influences
from vision and touch [13], which may,
for example, be influenced by musical
training [14]. An obvious question is
whether such low-level multisensory
influences are limited to relatively
high-level functions like speech
perception or also extend to other
seemingly rudimentary functions,
such as the auditory system’s ability
to suppress echoes and enable
sound localization.
A new study by Bishop et al. [15],
reported recently in Current Biology,
provides compelling psychophysical
evidence that echo suppression —
a process which one would expect
should depend exclusively on auditory
information — is dramatically
influenced by visual inputs. To do this,
they presented pairs of brief sounds
(15 ms noise bursts) first to the left and
then right loud speaker (or vice versa)
and then asked their participants to
report how many sounds they heard
and their location(s). By also separating
the sounds in time (by roughly 4–5 ms),
they simulated a sound source and its
primary echo (the leading and lagging
sounds, respectively). This temporal
lag was calibrated for each subject
and was approximately the lag when
50% of sound pairs were reported as
single sounds from a unique location.
When participants report only onesound and one location, it can be
assumed that the other sound
representation is suppressed — echo
suppression.
Aside from the auditory-only
unisensory conditions, the design of
the main experiment included the
addition of a flash of light
contemporaneous and co-localized
with either the leading or lagging
sound. The results show a 14%
enhancement of echo suppression
when lights were paired with the
leading sound and a 10% decrease in
echo suppression when lights were
paired with the lagging sound, relative
to when no lights were presented.
That is, the visual inputs changed the
likelihood of participants reporting
there being one sound source.
Importantly, this was not the casewhen
only the leading sound, and not the
lagging sound, was presented either
alone or with the same arrangement
of flashes as in the main experiment.
These control conditions exclude an
explanation based on visual capture
of the leading sound, similar to
what occurs in the case of
ventriloquism [16].
Bishop et al. [15] then conducted
a set of additional control analyses and
experiments. First, they showed that
visual influences on echo suppression
were stable across the duration of the
experiment, suggestive of an effect that
is unaffected by practice and learning
(as well as any associated neural
plasticity), at least in the short-term.
Next, they examined whether the
impact of visual inputs was linked to
their being contemporaneous with the
sounds. To test this, they introduced
a delay between the sound and
flash. The enhancement of echo
suppression by pairing visual inputs
with leading sounds persisted when
the flash was delayed by 100 ms,
but not when the delay was 400 ms.
This is consistent with their being
a temporal window for multisensory
interactions [17]. Because echo
suppression is inherently a spatial
process, it will be important for future
investigations of this phenomenon to
parametrically vary the spatial
co-localization of the stimuli (not to
mention the effectiveness of the
stimuli in terms of their signal-to-noise
ratio or other psychometrically
relevant feature).
There are two principal reasons that
the demonstration of multisensory
influences on echo suppression is
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informative. First, there is a growing
consensus acknowledging the critical
role of cortical processing for echo
suppression and its related behavioral
consequences for spatial hearing
[18,19]. To the extent that cortical
regions are necessary, then echo
suppression becomes a relatively
slower and higher-order process than
traditionally thought. Second, the
findings of Bishop et al. [15] show that
a relatively ‘slow’ sensory modality
like vision can influence a relatively
‘fast’ sensory modality like audition.
Responses to sound in primary
auditory cortex have been shown to
onset atw10–15 ms, whereas
responses to light in primary visual
cortex have been shown to onset
atw40–50 ms [3]. Thus, cortical
processing of sounds has a head start
over visual stimuli, even if such
appear together simultaneously in the
external world.
What Bishop et al. [15] have shown
is that the ‘slow’ visual modality
provides information-rich as well as
spatio-temporally coupled signals to
the ‘fast’ auditory processing pathway
that in turn alter perception and
behavior. While their results are
undoubtedly a harbinger of continued
research on multisensory influences on
nominally unisensory low-level
functions, there is already a degree of
neuroscientific support for the
pervasiveness of visual signals during
auditory processing, particularly during
the treatment of communication
signals (speech) and objects. In a study
that focused on the effects of musical
training, Musacchia et al. [14] showed
there to be visual influences on auditorybrainstem evoked responses. More
recently in a study appearing in Current
Biology, Kayser et al. [20] showed that
visual signals can increase the
information content of neural activity
within auditory cortices of rhesus
monkeys by reducing response
variability.
The upshot is that if you want to find
the ‘snooze’ button and get back to
sleeping, you might consider opening
your eyes first.
References
1. Bregman, A.S. (1990). Auditory Scene Analysis
(Cambridge, MA: MIT Press).
2. Smiley, J.F., and Falchier, A. (2009).
Multisensory connections of monkey auditory
cerebral cortex. Hear. Res. 258, 37–46.
3. Musacchia, G., and Schroeder, C.E. (2009).
Neuronal mechanisms, response dynamics and
perceptual functions of multisensory interactions
in auditory cortex. Hear. Res. 258, 72–79.
4. Murray, M.M., and Spierer, L. (2009). Auditory
spatio-temporal brain dynamics and their
consequences for multisensory interactions in
humans. Hear. Res. 258, 121–133.
5. Wallace, M.T., Ramachandran, R., and
Stein, B.E. (2004). A revised view of sensory
cortical parcellation. Proc. Natl. Acad. Sci. USA
101, 2167–2172.
6. Ghazanfar, A.A., and Schroeder, C.E. (2006). Is
neocortex essentially multisensory? Trends
Cogn. Sci. 10, 278–285.
7. Martuzzi, R., Murray, M.M., Michel, C.M.,
Thiran, J.P., Maeder, P.P., Clarke, S., and
Meuli, R.A. (2007). Multisensory interactions
within human primary cortices revealed
by BOLD dynamics. Cereb. Cortex 17,
1672–1679.
8. Cappe, C., Thut, G., Romei, V., and
Murray, M.M. (2010). Auditory-visual
multisensory interactions in humans: timing,
topography, directionality, and sources.
J. Neurosci. 30, 12572–12580.
9. Raij, T., Ahveninen, J., Lin, F.H., Witzel, T.,
Ja¨a¨skela¨inen, I.P., Letham, B., Israeli, E.,
Sahyoun, C., Vasios, C., Stufflebeam, S., et al.
(2010). Onset timing of cross-sensory
activations and multisensory interactions in
auditory and visual sensory cortices. Eur.
J. Neurosci. 31, 1772–1782.
10. Sperdin, H.F., Cappe, C., and Murray, M.M.
(2010). The behavioral relevance of
multisensory neural response interactions.
Front. Neurosci. 4, 9.11. Romei, V., Murray, M.M., Cappe, C., and
Thut, G. (2009). Preperceptual and
stimulus-selective enhancement of low-level
human visual cortex excitability by sounds.
Curr. Biol. 19, 1799–1805.
12. Romei, V., Murray, M.M., Merabet, L.B., and
Thut, G. (2007). Occipital transcranial magnetic
stimulation has opposing effects on visual and
auditory stimulus detection: implications for
multisensory interactions. J. Neurosci. 27,
11465–11472.
13. Schroeder, C.E., Lakatos, P., Kajikawa, Y.,
Partan, S., and Puce, A. (2008). Neuronal
oscillations and visual amplification of speech.
Trends Cogn. Sci. 12, 106–113.
14. Musacchia, G., Sams, M., Skoe, E., and
Kraus, N. (2007). Musicians have enhanced
subcortical auditory and audiovisual
processing of speech and music. Proc. Natl.
Acad. Sci. USA 104, 15894–15898.
15. Bishop, C.W., London, S., and Miller, L.M.
(2011). Visual influences on echo suppression.
Curr. Biol. 21, 221–225.
16. Recanzone, G.H. (2009). Interactions of
auditory and visual stimuli in space and time.
Hear. Res. 258, 89–99.
17. Wallace, M.T. (2009). Dyslexia: bridging the gap
between hearing and reading. Curr. Biol. 19,
R260–R262.
18. Spierer, L., Bourquin, N.M., Tardif, E.,
Murray, M.M., and Clarke, S. (2009). Right
hemispheric dominance for echo suppression.
Neuropsychologia 47, 465–472.
19. Backer, K.C., Hill, K.T., Shahin, A.J., and
Miller, L.M. (2010). Neural time course of echo
suppression in humans. J. Neurosci. 30,
1905–1913.
20. Kayser, C., Logothetis, N.K., and Panzeri, S.
(2010). Visual enhancement of the information
representation in auditory cortex. Curr. Biol. 20,
19–24.
1Electroencephalography Brain Mapping
Core, Center for Biomedical Imaging of
Lausanne and Geneva, rue du Bugnon 46,
BH08.078, 1011 Lausanne, Switzerland.
2Neuropsychology and Neurorehabilitation
Service, Department of Clinical
Neurosciences and 3Department of
Radiology Centre Hospitalier Universitaire
Vaudois and University of Lausanne,
Switzerland. 4Department of Hearing and
Speech Sciences, Vanderbilt University,
Nashville, TN 37240, USA.
E-mail: micah.murray@chuv.chDOI: 10.1016/j.cub.2011.01.064Oogenesis: Matrix RevolutionsThe mechanism of egg-chamber elongation during Drosophila oogenesis has
always been mysterious. A new study shows that the egg chambers spin
around their long axis laying down polarised extracellular matrix, which acts as
a molecular corset to restrict radial expansion.Rebecca Bastock
and Daniel St Johnston*
Tissue elongation is a central feature of
all embryonic development. Underlying
this deceptively simple process is
a complex variety of cell behaviours,such as shape changes, polarised
division, directed migration and
intercalation [1]. The mechanism of
tissue elongation has been well studied
during convergent extension in
vertebrate gastrulation and Drosophila
melanogaster germband extension.Both processes involve cell
rearrangements that are directed and
coordinated by planar polarity across
the extending tissue, although different
molecular mechanisms underlie the
polarisation in each case. In
vertebrates, the core planar cell
polarity (PCP) pathway downstream
of Frizzled signalling is responsible,
driving lateral cell intercalation [2,3],
whereas in the Drosophila germband,
polarised localisation of myosin II and
Bazooka/Par-3 directs junctional
remodelling [4,5]. Apart from these two
model processes, the mechanism of
